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THEORETICAL MAXTMUM PERFORMANCE OF LIQUID FLUORINE - LIQUID
OXYGEN MIXTURES WITH JP-4 FUEL AS ROCKET FROFELLANTS

By Sanford Gordon and Roger L. Wilklns

SUMMARY

‘Theoretical values of rocket performance parameters were calculated
for JP-4 fuel and various mixtures of liquid fluvorine end liquid oxygen,
assuming both equilibrium and frozen compositlion during the expaension
process. Data were calculated at several equivalence ratios for each
assligned fluorine-oxygen mixture.

The paerameters included were specific impulse, combustion-chamber
temperature, nozzle-exit temperature, equilibrium compositlion, mean
molecular weight, characteristic velocity, coefficlent of thrust, and
ratio of nozzle-exlt area to throat area.

The meximum value of specific impulse for a chamber pressure of 300
unds per square inch absolute and an exlt pressure of 1 atmosphere
expansion ratio, 20.41) is 299.4 pound-seconds per pound for equillibrium
composition and 278.9 pound-seconds per pound for frozen composition.
Thegse values occur at 69.75 weight percent fluorine in the oxidant and
20.90 weight percent fuel in the propellant.

INTRODUCTION

Considersble interest has been shown recently in the use of mixtures
of liquid fluorine and liquild oxygen as oxidents with hydrocarbons as '
fuel for possible high-energy rocket propellants (refs. 1 to 3). Mix-
tures of fluorine and oxygen exist that give higher performance with hy-
drocarbons than either 100-percent oxygen or fluorine because the fluorilne
burns preferentially with the hydrogen and the oxygen with the carbon.

Theoretical performance calculstions of a typical JP-4 fuel with
verious mixtures of fluorine and oxygen were made at the NACA Lewis labo-
ratory, (1) to provide data in support of an experimental program, (2) to
determine the maximum performance for any assigned fluorine-oxygen mix-
ture as a function of equivalence ratio, and (3) to determine the maxi-
mum. performance of the propellant es & function of both fluorine-oxXygen

mixture and equivalence ratio.

:
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The data were calculated on the basis of both equilibrium and frozen
composition during expansion. The performence parameters included sre
specific impulse, combustion-chamber temperature, nozzle-exit tempera-
ture, equilibrium composition, mean molecular weight, characteristic ve-
locity, coefficlent of thrust, and ratio of nozzle-exit area to throat
area.

SYMBOLS

The following symbols are used in this report:

A nozzle area, sq £t —

a  local velocity of sound, ft/sec i ' PO

Cp coefficient of thrust, Ig/c*

c* characteristic velocity, chA.t/w, ft/sec . -

g acceleration due to gravity, 32.174 fi/sec?

EQ sum of sensible enthalpy and chemlcal energy, cal/mole

ju g

sum of sensible enthalpy and chemical energy per unit welght,
20y (Bg)y B
L calfs _
I specific impulse, lb-sec/lb
M molecular weight
n number of moles
P pressure
r equivalence ratio, ratio of four times the mmber of carbon atoms
plus the mumber of hydrogen atoms to twice the number of oxygen
atoms plus the nmumber of fluorine atoms
iy temperature, °K .-
w rate of flow, l'b/sec

o ratio of equivalent oxidant formulas OFﬁ to equivalent fuel
formulas CHr

3473
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Bubscripts:

c combustion chamber

e nozzle exit

i product of combustion

t nozzle throat

B fluorine~to-oxygen atom ratio

T hydrogen~to-cerbon atom ratio

CALCULATION OF FERFORMANCE DATA

The computations were carried out by means of the method described
In reference 4 with modifications to adapt 1t for use with an IBM Card-
Programmed Electronic Celculator. The machline was operated wlth floating
decimel polnt notation and elght significant figures. The successlve
epproximation process which was used to calculate the desired values of
the assigned parameters (mass balance and pressure or entropy balance)
was continued until seven-figure accuracy was reached.

Assumptions. - The calculations were based on the following usual
essumptlions: perfect gas lew, adlebatic combustlon at constent pres-
sure, lisentropic expansion, no frictlon, homogeneous mixing, and one-
dimensiongl flow. The products of combustion were sssumed to be graphite
and the followlng ideal geses: atomlc carbon C, carbon monofluoride CF,
carbon difluoride CFy, carbon trifluoride CFz, carbon tetrafluoride CF,,

difluoroecetylene C,F,, methane CHy, carbon monoxide CO, carbon dioxide

COz, atomlc fluorine F, fluorine F,, atomlc hydrogen H, hydrogen Hp,
hydrogen fluoride HF, water HyO, atomic oxygen O, oxygen Oy, and hydroxyl
radicel OH.

Thermodynamic data. - The thermodynamlic data for all combustion
products except graphlte, methane, the fluorocarbons, and water were taken

from reference 4. Deata for graphite were teken from reference 5, carbon
monofluoride from reference 6, the remainder of the fluorocarbons from
reference 7, and water from reference 8. Data for methane were deter-
mined by the rigld-rotator-harmonic-oscillator epproximation using spec-
troscopic data taken from reference 9.

The dissocatlion energy of Fo was taken to be 35.6 killocalories per

mole and the heat of sublimation of graphite at 298.16° K was teken to
be 171.698 kilocalories per mole (ref. 10).
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Physical and thermochemical data. - The JP-4 fuel used in these
calculatlions was assumed to have a hydrogen-to-carbon welght ratio of
0.163 (atom ratio y = 1.942) and & lower heat of combustion value of
18,640 Btu per pound. Additional properties of Jet fuels may be found
in reference 11. Several properties of the oxidants taken from ref-
erences 4, 10, 12, and 13 are llsted in table I.

Formulas. - The formulas used in computling the various perameters
are as follows:

Specific impulse, lb-sec/lb

/b, - he '
I =294.98A/-C5 % 1
1000 (2)

Throat area per unit flow rate, (sq £t)(sec)/1b (pressure in atm)

Ay 1.3144T¢

w P Ma (2)
Characteristic velocity, ft/bec
* 8P A, ) 32.174B A, ()
v w
Coefficient of thrust
352.1741
op = 3 = 22781 (¢)

c c
Nozzle-exit area per unit flow rate, (sq £t)(sec)/1b (pressure in atm)

Ratio of nozzle-exit area to throat area

fE =.£E§E (8)
A, Apfw

THEORETICAL: PERFORMANCE DATA

The calculated values of performance parameters were obtalned for _
12 fluorine-oxygen ratlos for s combustlon pressure of 300 pounds per

-
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square Iinch absolute and an exlt pressure of 1l atmosphere. For each

assigned fluorine-oxygen mixture, the following scheme was used to cal-

culate an equivalence ratlo for which speclfic impulse 1s near maximum:
Let the equlvalent formula of the propellent be

Then by definition the equlvalence ratlo becomes

_ 4 4+
A )

For B <71 and essuming products to be CO, HF, and H.BO,

—2+X 4+7
2_l_Bza.nd.:r: Y (7)

For B > v and assuming products to be graphite, CO, and HF,

_X _Ble+ v
a-1 e r-B0t1) (8)

The simpliflied set of combustlon products was used only to estimate
the equivalence retilo glving near maximum specific impulse, whereas the
actual ,calculations included all the combustlon products considered in
this report. For each of the 12 fluorine-oxygen mixtures, performance
data were obtalned for three equlvalence ratlos, Including the one glven
by equation (7) or (8). The calculated values of specific Impulse, with
both egquilibrium and frozen compositlon assumed during expansion, are
given in teble IT. The values of the other performence parameters and
the composition of the combustion products (corresponding to the eqlva-
lence ratios for which equilibrium specific impulse is maximum) are
given in tables III and IV for each of the 12 fluorine-oxygen mixtures.
The mole fractions of CF,, CH,, and F, were omitted from table IV in-

asmuch as they were always less then 0.0000L.

Parameters. - The parameters are plotted 1n figures 1 to 5. Fig-
ure 1 indicates the varigation of speciflic impulse with weight percent
fluorine in the. oxidant for both equilibrium and frozen composition
during the expansion process at the equivalence ratio for which equi-
librium specific impulse 18 maximum. The meximm velue of speclfic
impulse is 299.4 pound-seconds per pound for equllibrium composlition
and 278.9 pound-seconds per pound for frozen composlition. These maxi-
mm velues occur at 69.75 welght percent fluorine in the oxldent and
20.90 weight percent fuel in the propellant. The oxidant mixture has
the same fluorlne-to-oxygen atom ratlo as the hydrogen-to-carbon atom
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ratio in the fuel (1.942). For this oxident mixture, the 20.80 weight
percent fuel 1n the propellant 1s the one in which the pumber of H atoms

equals the mumber. of F atoms and the mumber of C atoms equals the number

of 0 atoms. These atom ratios may be represented by the equivalent
formula CHy g42 + OFy _g42. This formule 1s consistent with the assump-
tion that hydrogen burns preferentially with fluorine and carbon with
oxygen. -

A comparison of the maxlmum values of speciflic impulse for JP-4
fuel with 69.75 welght percent fluorine in the oxldant, 100 percent
fluorine, and 100 percent oxygen 1ls shown in the following table:

Composition |69.75 percent Fjp Fluorine Oxygen
30.25 percent Oo
by weight
Specific Specific |Decrease, |Specific |Decrease,
impulse, I |Impulse, I|percent [Ilmpulse, I|percent
Equilibrium . 299.4 278.9 7.4 260.7 14.8
Frozen 278.9 264.6 5.4 250.4 11.4

The curves of c%*, Cp, T, Te, Mc, Me, and Ag/At against weight
percent fluorine in the oxidant, given in flgures 2 to 5, are not nec-
essarlly the maximm values but correspond to the equivalence ratio for
which equilibrium specific impulse 1s the maximum. The break in the
curves et about 75 weight percent fluorine In the oxlidant is due to the
formation of graphilte. ..

Effect of thermodynamic data on performance. - Calculetions in
reference 14 show that 1f the carbon vepor evaporating from a graphite
surface is assumed to contain the three specles, monstomic carbon C, -
diatomic carbon Cy, and triatomlc carbon Cx, then Co, and Cz comprise a

considerehle part of the vapor. In order to determine the effect on
specific impulse if Cy and Uz were included as combustion products,
sdditional calculations were made for 74.80 weight percent fluorine in
the oxidant. Thils percent fluorine 1s near the polnt for meximum spe-
cific impulse and contains the laergest mole Praction of C (table IV).
The effect on specific impulse was small as mey be seen from the fol-
lowing table: .

Specific: Co and Cz not | Cy and Cxz Decrease,
impulse, I, |included in included in |Dpercent
lb-sec/1lb |(combustion combustion

products products
Equilibrium 294.0 293.1 0.31
Frozen 272.4 . B 271.1 .48

3473
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The effect on specific Impulse should be less than shown in the pre-
cedling table for oxidants containing less fluorine.

The thermodynsmic functions for Co and Cz were obtalned by the

rigid-rotator-harmonic-osclillator approximation using the spectroscopilc
data of reference 15 for Cz and the spectroscoplc data suggested in ref-

erence 14 for Cz. The heats of formation for cz and Cz were taken from
reference 14.

According to reference 7, the thermodynamic functions for CFp, CFz,
end CoF, must be regarded as tentative. However, lnasmuch as the mole

fractlions of these substances are small (ta'ble Iv) ; even large changes
in their thermodynsmic functlons sre expected to have only a small effect
on performance.

The "low" velue for the heat of dissoclation of Fg, 35.6 kilocalories
per mole, and the "high" value for the heat of sublimation of graphite,
171.698 kilocalories per mole at 298.16° K, which were chosen for the
calculations in this report, are still open to question. The low value
for F, tends to keep the theoretical performance low, whereas the high

value for graphlte tends to keep 1t high.

SUMMARY OF RESULTIS

A theoretlcal investigation of the performance of JP-4 fuel with
liquid fluorlne - 1lligquid oxygen mlxtures for a combustlon pressure of
300 pounds per sgquere Inch absolute and lisentroplc expansion to 1 et-
mosphere, assuming equllibrium and frozen composltion during the expan-
sion process, gave the followlng results:

1. The maximum value of specific impulse was cbtalined at 69.75 weight
percent fluorine in the oxldant and 20.90 welight percent fuel in the
propellant. The oxildent mixture is the one for which the fluorlne-oxygen
atom ratio equals the hydrogen-carbon atom ratioc. For thils oxidant mix-
ture, the welght percent fuel in the propellant of 20.90 1s the one for
which the number of H atoms equals the number of F atoms and the number
of C atoms equals the number of O atoms. These atom ratios may be rep-
resented by the followlng equlvalent formule CH1.942 + OF1.942.

2. The meximum velue of specific Impulse assuming equilibrium
composition was 299.4 pound-seconds per pound. This is a 14.8 percent
increase over the maximm value of 260.7 pound-seconds per pound for
JP-4 fuel with liquid oxygen and a 7.4 percent Increase over the nmaximum
value of 278.9 pound-seconds per pound for JP-4 fuel wilth liquid fluorine.

A
4
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3. The maximum value of specific impulse assuming frozen composition
was 278.9 pound-seconds per pound. This is an J11.4 percent Increase over
the maximm value of 250.4 pound-seconds per pound for JP-4 fuel with '
ligquid oxygen and a 5.4 percent Increase over the maximum velue of 264.6
pound-seconds per pound for JP-4 fuel with liquid Ffluorine.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, August 11, 1954
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TABLE I. - PROPERTIES OF LIQUID OXIDANTS

Properties Oxygen, O, Fluorine, Fp
Molecular weight, M 32.00 8.00
Density, g/cc 81.1415 1.54

(at -182.0° C) (at -196° C)

Freezing point, °C €.218.76 €.217.96

Boiling point, °C €.182.97 €.187.92
Bnthalpy required to con-

vert liquid at bolling .

point to gas at 25° C 43,080 45.030
Enthalpy of vaporizetion,

€1.630 €1.51

keal/mole

Enthelpy of fusion,
keal/mole

(at -182.97° C)

€.106
(at -218.76° C)

(at -187.92° C)

€.372
(at -217.96° C)

8Ref. 12.
brer. 13.
CRef. 10.

ef. 4.

3473
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TABLE II. - THEORETICAL SPFECIFIC IMPULSE FOR JP-4 FUEL WITH

LIQUID FIUCRINE - LIQUID OXYGEN MIXTURES

[Combustion-chaember pressure, 500 1b/sq in. abs; exit pressure, 1 avm. }

Fluorine- Welght Equlvalence | Welght Specific impulse, I,
to-oxygen | percent ratio, percent 1b-sec/1b
atom ratio, | fluorine r fuel in Bquilibrium | Frozen
B in oxidant propellant | composition | composition
1.30 27.64 259.5 246.5
0 0 81,51 30.70 260.7 250.0
1.60 x1.98 259.8 250.4
1.50 28.15 269.4 255.9
0.2 19.19 a1 .51 28.26 269 .4 256.0
1.54 28.68 269.53 256.53
1.50 25.69 278.5% 262.4
0.5 57.25 81.51 25.79 278.4 262.5
1.60 26.94 2788 263.4
& 51 25.30 288.4 270.6
1.0 54.29 1.55 23.80 288.5 271.1
1.60 24.38 288.4 271.7
83 .51 21.57 296.6 276.9
1.6 65.52 1.80 22.59 297.1 278.8
1.70 23.67 294.2 277.
1.50 20.81 299.2 278.7
1.942 69.75 a1 .51 20.90 299.4 278.9
1.52 21.03 299.0 278.6
1.40 19.60 296.0 275.8
2.0 70.37 1.48 20.49 298.9 278.4
by .53 21.04 298.1 277.7
1.40 19.44 295.7 276.1
2.1 71.38 1.50 20.55 297.5 277.1
by .57 21.28 296.8 276.2
1.45 19.85 296.4 276.5
2.2 72.32 1.50 20.40, 296.4 276.1
b3 .60 21.46 295.8 275.0
1.65 21.56 293.9 272.3
2.5 74.80 b1.70 22.07 294.0 272.4
1.75 22.57 295.9 272.8
2.00 25 .47 289.1 - 270.0
4.0 82.61 b2.04 25.82 289.2 270.3
2.20 25.22 288.7 27n.2
3.00 27.07 278.6 264.2
™ 100 bs.08 27.48 278.9 264.6
5.50 50.22 278.0 266.0
g8se eq. 7?.
bSes eq. (8)-

1l
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TARLE III. - CALCULATED PERFORMANCE OF JP-4 FUEL WITH LIQUID PLUCRINE - LIQUID OXYGEN MIXTUHES

{Combuntion-chamber pressure, 300 1b/sq in. abs; exit pressurs, 1 atm; equilibrium and frozen
oomposition assumed during expansion.)

Coeffi- |Combus-

Yeight Weight |Equive-~|Speoclf- |Charsoc- Noxsle |Ratio of|Mean Mean
percent g::comt lence |10 im- [teris- |olent tion exit .[norkle- |moleo- moleo~
fluo- 1l in |ratio, |pulse, tio ve-{of chamber exit uwlar uler
rine in | propel- r I, loolty, | thrust, |temper- | sture, [ area to |welght weight
oxidant | lant 1b-seo ok, Cp ature, Ty, |throat [in com- [at
—1Ib  |[ft/mec To» ox area, bustion |[nozsle
Ao/A, |chamber, |exit,
L He
) 11ibrium compogition. _
00.00|/ 30.70{ 1.52|2360.7| 5887 1.4235| 3428 84123 3.0885|/21,83|88.97
19,19/ 28.86| 1.51]|269.4] 60786 1.427| 3564 2570 3.913| 81.37[82.78
37,85/ 95.79|'1.51)270.41 62708 1.4237T) 3787 2791|3.919]| 20-95|38-56
54,289 283.80| 1.55|288.5] 6523|1.433| 4010 2826(3.858| 20.50(88.13
65,52| 238.59{1.60|897.1| 6739| 1.418| 42355 8893 3.759|80.*¥5]|81.83
69 .75/ 80.90| 1.4 [299.4]| 6768)1.4233| 4351 3080[3.8568|80.71]|28.37
70.371830.49|1.48|298.9|6759|1.483| 4359 | 3077|3.849{80.80]28.47
71.38{30.55(1.50/297.5)/6723]1.424({ 4332 3076|3.865|80.91|88.59
72 .3281280.40)|1.50|896.4|6697|1.484| 4331 30643 .862[{21.04 {883.70
74 .80[{28.07|1.70|294.0)|6617|1.4289! 42304 3118 |3 .984|Qa1 .42 |83 .88
83 .61|83.82)3.04[2889.3|6495|1.433| 4104 5153 |4 .040{282.81 |83.61
100 .00|27 .46 |3.06 /8708 .9|6840|1.438)| 4146 2819 [ 4..140 .03 |85 .37
(b} Frozen obeposition.
00 .00|30 .70 |1 .81 {850 .0|5733(2.403]| 5428 1989 |3 .500 |81 .83
19 ,19 |28 .86 |1 .51 |8356 .0]|58907|1.398)| 3584 1935 |3 .410|22 .37
37 .25|85.79|1.51 |363 .8]6061 |1.394| 3767 1945 |3 .3144)120.95
54 .89|83.80|1.55[871.1|62380|1,389|4010 19768 }3 .319{80.50
65 .52|22.59|1.60 |379.8|6468|1.387)4255 8048 |3 .170}90.35
69 , 75120 .90 |1.51 |878.9[6474|1,385|4351 3075|3.152|80.71
70 . 37|80 .49 ]1.48 [3T70.4|6464]1.386|4359 8075[|3.147|20,.,80
71 .38180.55/1.50]277.1]|64331.38B6| 4338 2078 |3.157180.,91
783 .,381920 .40 |1.50 |876.1|6407 |1.386| 4321 2074 |3.164 (81 .04
74 ,80|233.07 |1,70 [2T7T8.4|6304 |1,390| 4804 8105]3.2849|81.42
898 .61{83.82|3.04 |2370.3|6228)1.396|4184 8318 |3.369|223.282
100,00[87.46|3.06 |364,.6|6047[1.408]| 4146 2435|3.597({24.03
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WR0x IV, - EQILTARION COMPOSTTION IN OOMBUSTION CHANEER FOR JP~4 FUEL VI'TH LIQULD FLIKRINE - LIQUID OXTIEW NIXTORES
[Comtmn t1on-ohember presmure, 500 1h/aq in. abe

t par- o 18.19 37.98 54.29 55.50 86.75 70.57 71.58 70.38 74.80 82.61 100,00

oant fluorine
oxidmnt
Weight par- 30.70 £5.20 26,79 RS, 80 £R.50 £0.60 20.48 20.56 20.40 22.07 25.02 o7.48
oent fuel in
propellmnt
Equivalence 1.508 1, 1.uo1 1,580 1,800 1.6008 1.480 1.500 1,800 1.7004 2.040 5.080
ratio, I
Bguilibeium composition {wole freotdon)

o 000000 |0.00000 |0OWODOO |0.00000 |0D0000 |[00C019 |000004 [0.ODBER |OHO3TE [,00TB4 |000638 (000488
Graphite Lo0000 | DOOOD | #0000 | £LOOOO | DOOOO | HLOODO0 poooo | noooo | Loooo | o1138 | 11878 | RB3E4
o L0000 | D00DOO | HOO0O | LOODO | OOO0CO | HLOOL? pnooo04 | 00887 | L0403 | LOE9A | DDGEBS | 00504
are LHoooo | Doooo | L0000 | WOODOGO | DOODO | 00001 poooo | pooio| 00015 | L0032 | o081 | HQO0RD
OF3 Ho0000 | DOOOD | OOD0O0 | OOOOO | D000D | DO000 poocoo | .booo1 | o002 | Q003 | £L0OOQ2 ] 0000
OgFa Hoooo | boOOO | 00000 | .OOOOD | HOOOD | LODOL L0000 | DO830| HO4TB | 0B424 | 08366 | OBAEY
00 37808 | 35508 | 33041 | 33048 | 3aT41 | J0P40 J0406 | 89721 | 48979 | AB5989 | 16314 | DOO0QD
€0g A0T0T7T | OT740 | 04040 | .O10T7T | L0168 | 000053 L0017 | 0000 | 00OOOD | 0OOOO | 00000 | ,00000
) D000 | .DOL3B | DOBES | OBORS | OB698 | 108BB 11393 | 410948 | 41905 | 06810 | 05716 | .04851
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Speoifio impulse, I, lb-seo/lb
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Flgure 1. - Thearetical specific impulse of JP-4 fuel with liguid flucrine - ligquid cxygen mix-

turea at egquivalenoce ratios forr whioh equilibeium specific Impulme 1s maximum. Isentroplo
arpansion fram 300 pounds per square inch sbeolute to 1 atmoaphsre asswming squilibrivm and

frozen oompositiom.
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Fgure 2, - Thearetioal combustion-chember temporature and nozzle-exli tesparatwre of JP-4 fual
with liquid fluorine - liquid oxygen mixturea at equivalence ratlos for which equilibrium
speoific impulse is maximmm. Issntroplo sxpansion from 500 povnds per aquare inch abao-
lute to 1 atmosphers assming equiliirivm and froxen compositlom.
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Fluorine in axideant, peroent by weight

Figure 5. - Thearetioal charaoteristic velooity and ococeffiocient of thrust of JP-4 fuel with
liguid fluorine = liquid oxygen mirtures at egulvalence ratios for whioch equiliteium specific

inpulse is maximom, Isentroplo

expansion from 500 pounds per square Inoh absolute to 1 atmos-

phere assuming equilihrium and frozen compoalition.
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Ratio of nossle-exlt area to throat area, A,/Ay
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Figure 4. - Thearetical ratio of norzle~axlt area to thrcat area of JP-4 fuel with liguid fincrine -
1ignid oxygen mixtures at equivalence ratios for which equilibrimm specific impulse is maximmm,
Igentropic expansion from 300 pounds per square inch absolute to )l atmosphesre assuaing eguilib-
rim and frozen oomposltion.
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Mean moleoular weight, M, g/mole
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Fluorine in oxidant, peroent by welight

Figure 5, -~ Thacretioal msean molsonlar woight in ombustion chamber and at nozrle exit of
JP—4 fuel yith liquid flporine - liguid oxygen mixtures at equivalence ratios for which
squililrimm specifio impulse is maximm, Isentroplo expansion from 300 pounds pexr square
inoh mbsoluts to 1 atmospbare assuming equilibrimm ocmposition.
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